Alternative sigma factors belonging to Group 3 are thought to play an important role in the adaptation of cyanobacteria to environmental challenges by altering expression of genes needed for coping with such stresses. In this study, the role of an alternative sigma factor, SigJ, was analyzed in the filamentous nitrogen-fixing cyanobacterium, Anabaena sp. PCC 7120 by knocking down the expression of the sigJ gene (alr0277) employing an antisense RNA-mediated approach. In the absence of any stress, the knock-down (KD0277) or the wild-type strain both grew similarly. Upon exposure to high-intensity light, KD0277 showed substantially reduced bleaching of its pigments, higher photosynthetic activity and consequently better survival than the wild type. KD0277 also showed an enhanced accumulation of two carotenoids, which were identified as myxoxanthophyll and keto-myxoxanthophyll. Further, KD0277 was more tolerant to ammonium-triggered photodamage than the wild type. Moreover, PSII was better protected against photodamage in KD0277 than in the wild type. Down-regulation of sigJ in Anabaena PCC 7120, however, reduced its ability to cope with desiccation. This study demonstrates that down-regulation of the sigJ gene in Anabaena PCC 7120 differentially affects its ability to tolerate two environmentally relevant stresses, i.e. high-intensity light and desiccation.
Introduction
Cyanobacteria, the oxygenic photosynthetic prokaryotes that evolved >3.5 billion years ago (Schopf and Packer 1987) , were responsible for converting the ancient reducing atmosphere into an oxidizing one. Being the progenitors of plant chloroplasts, cyanobacteria form a vital link between prokaryotes and higher plant forms (Martin and Kowallik 1999, McFadden 1999) . Today, cyanobacteria inhabit virtually all the lightexposed ecological niches present on the Earth (Sánchez-Baracaldo et al. 2005, Blank and Sánchez-Baracaldo 2010) . In their natural habitat, cyanobacteria experience a variety of adverse conditions such as high-intensity light, UV radiation, suboptimal illumination, salinity, desiccation, osmotic stress, heavy metals, etc. Therefore, cyanobacteria are expected to have evolved diverse mechanisms to cope with such adverse conditions (Banerjee et al. 2013 , Agarwal et al. 2014 , Panda et al. 2014 , Chakravarty et al. 2016 . Nitrogen-fixing strains of cyanobacteria (e.g. Anabaena), naturally present in the paddy fields of South East Asia, are important biofertilizers that provide nitrogen to the growing rice plants (Venkataraman 1979) . Various abiotic stresses (high-intensity light, drought, salinity, herbicides, etc.) affect the biofertilizer potential of Anabaena, so a deeper understanding of the basis of stress resistance in Anabaena is essential for the development of better biofertilizers for use under unfavorable conditions.
All organisms including cyanobacteria respond to the changes in their environment by inducing expression of genes required for coping with environmental challenges (Rai et al. 2013 , Banerjee et al. 2015 . One primary strategy employed by prokaryotes to adapt to the varying external conditions is the use of alternative sigma factors (Missiakas and Raina 1998) . Once bound to the RNA polymerase (RNAP), an alternative sigma factor modulates the promoter selectivity of RNAP, which transcribes a new set of genes whose products may help in combating the unfavorable conditions. Sigma factors are classified into two broad categories, s 54 and a 70 (Paget and Helmann 2003) . The s 70 family of sigma factors is further classified into four groups (Groups 1-4). Among these, the Group 1 sigma factors are responsible for transcription of essential housekeeping genes; the Group 2 sigma factors, though closely related to Group 1, do not appear to be essential, and mutants lacking these sigma factors are viable; the Group 3 sigma factors show similarity to Group 1 sigma factors only with respect to domains 2 and 4 (which are conserved in all members of the s 70 family) and often control particular regulons that are expressed in response to environmental or developmental cues; though numerically largest, Group 4 sigma factors have diverged substantially from the other a 70 factors, and respond mostly to extracytoplasmic environmental signals (Paget and Helmann 2003, Aldea et al. 2007) .
In cyanobacteria, alternative sigma factors have been mostly investigated in the unicellular cyanobacterium, Synechocystis sp. PCC 6803, wherein they play a role in responding to a variety of environmental stresses such as shift from dark to light, high-intensity light, low-temperature acclimation, high-salt tolerance, hightemperature tolerance and adaptation to nitrogen deprivation (Tuominen et al. 2003 , Asayama et al. 2004 , Osanai et al. 2006 , Gunnelius et al. 2010 , Pollari et al. 2011 , Nikkinen et al. 2012 , Osanai et al. 2013a , Osanai et al. 2013b , Kaczmarzyk et al. 2014 , Antal et al. 2016 , Koskinen et al. 2016 . In contrast, the role of Group 3 sigma factors in the stress physiology of the heterocystous, nitrogen-fixing cyanobacteria is not properly understood.
The genome of the filamentous, heterocystous, nitrogenfixing cyanobacterium Anabaena PCC 7120 encodes 12 sigma factors, out of which SigF, SigG, SigI and SigJ belong to the Group 3 sigma factors. While sigG was shown to be up-regulated in the heterocysts of Anabaena PCC 7120, sigI and sigJ did not show any developmental regulation (Aldea et al, 2007) . SigG and SigF are ubiquitous in all cyanobacteria, whereas SigH, SigI and SigJ are not (Yoshimura et al. 2007, Imamura and Asayama 2009) . Phylogenetic analysis of the sigma factors of Anabaena sp. PCC 7120 is shown in Supplementary Fig. S1 . In this study, we have focused our attention on SigJ, which is not found in all the cyanobacterial taxa (Imamura and Asayama 2009) and, hence, is likely to be important in the adaptation of Anabaena PCC 7120 to specific environmental stresses. Earlier, overexpression of sigJ was shown to up-regulate the expression of genes involved in the synthesis of extracellular polysaccharides and in conferring desiccation tolerance in Anabaena PCC 7120 (Yoshimura et al. 2007) . However, the effect of knockdown of sigJ on the physiology of Anabaena PCC 7120 was not known. This study shows that down-regulation of the sigJ gene in Anabaena PCC 7120 causes increased accumulation of myxoxanthophylls, and leads to an enhanced tolerance to highintensity light.
Results

Generation of the sigJ (alr0277) knock-down strain
The 786 bp sigJ PCR amplicon was cloned downstream of a strong light-inducible promoter (P psbA1 ) in a reverse-complement orientation within the promoter-less vector pAM1956 (construct named pAMSigJAS). In this construct, the gfpmut2 gene [encoding the green fluorescent protein (GFP)] is situated downstream of the P psbA1 -antisense sigJ, resulting in co-transcription of the antisense sigJ and gfpmut2. This construct was conjugatively transferred into Anabaena PCC 7120 to obtain the strain, Knock-down alr0277 (KD0277). The KD0277 strain appeared green when viewed under the fluorescence microscope, indicating expression of GFP (Fig.  1A) . The presence of plasmid pAMSigJAS in KD0277 was further confirmed by colony PCR using appropriate primers (Fig. 1B) . As shown in Fig. 1C , co-transcription of antisense sigJ and gfp was confirmed by reverse transcription-PCR (RT-PCR) employing specific primers. Similarly, the control strain (CS) was obtained by transferring the control plasmid, pAM1956, containing only the psbA1 promoter to Anabaena PCC 7120 (data not shown).
A semi-quantitative PCR approach was used to validate down-regulation of the sigJ gene in KD0277 (Fig. 1D) . For selective amplification, the forward primer was designed using the DNA sequence present just upstream of the sigJ translational start, which is absent in the antisense construct. Hence, this primer selectively amplifies only the sigJ cDNA made from the sigJ mRNA (Fig. 1D ). As seen in Fig. 1E , approximately 3-fold reduced production of sigJ was observed in KD0277 as compared with CS. Growth of CS or KD0277 was examined in BG11 medium under standard conditions as mentioned in the Materials and Methods. Under these conditions, no significant difference was observed in the growth rate of the two strains (Fig. 1F) , indicating that down-regulation of sigJ did not affect the growth of Anabaena PCC 7120.
KD0277 has higher myxoxanthophyll and keto-myxoxanthophyll content
When grown under standard growth conditions, the KD0277 culture appeared to be greenish-yellow whereas the CS culture was more bluish-green. This difference was more pronounced when the cultures attained stationary phase ( Fig. 2A) . To determine changes in the pigment profiles, total pigments were extracted from KD0277 or CS culture and quantified. The content of Chl a and allophycocyanin (APC) was almost the same in the two strains, whereas a small reduction in the content of phycocyanin (PC) and phycoerythrin (PE) was observed in KD0277 when compared with CS (Fig. 2B) . Interestingly, the acetone extract of KD0277 was more orange in color than that of CS, indicating a higher level of carotenoids in KD0277 ( Fig. 2A) .
To characterize the type of carotenoid that was overaccumulated in KD0277, thin-layer chromatography (TLC) using silica gel was performed (Fig. 2C) . A pink band (B1) and an orange band (B2) were observed in the extracts of KD0277, whereas these bands were completely absent in CS. The bands were scraped out of the silica gel, dissolved in methanol and their absorption spectra were recorded (Fig. 3A) . B1 gave absorption maxima at 475 nm with shoulders at 442 and 493 nm, a profile that is indicative of keto-myxoxanthophyll. Band B2 showed absorption peaks at 472 and 501 nm (with a shoulder at 441 nm), which is more similar to myxoxanthophyll . The position of these peaks matched the The co-transcription of sigJas RNA with gfp mRNA. Total RNA isolated from KD0277 was used for cDNA synthesis. The 247 bp fragment (111 bp of sigJas RNA and 136 bp of GFP mRNA) was amplified by PCR using internal primers RTSigJAS-1 and RTSigJAS-2, and the above-mentioned cDNA as template. The corresponding primers are schematically depicted by arrows, in the figure.
(D) Semi-quantitative RT-PCR analysis of sigJ and rnpB. The total cDNA obtained from CS or KD0277 was subjected to PCR and the sigJ or rnpB amplicons were collected after 26 or 28 cycles of PCR, respectively. About 1 mg of RNA was used for cDNA synthesis in each experiment. Primers used to amplify sigJ extend through the psbA1 promoter (162 bp) and the sigJ (786 bp) antisense sequence. The relative position of primers is indicated by arrows. (E) The mRNA levels examined by semi-quantitative RT-PCR were analyzed with ImageJ software. Each data point represents the average value of three independent readings, and error bars denote SD. (F) Growth profile of KD0277 and CS strains cultured under standard conditions, described in the Materials and Methods. CS and KD0277 (upper panel) . Total pigments extracted from both strains (with 85% acetone) were pipetted onto a microtiter plate and photographed. (B) Chl a, carotenoids and phycobilins were extracted from 1 ml of CS or KD0277 culture (at OD 730 nm = 1). The content of each pigment obtained from CS was considered to be 100% and the content of pigments obtained from KD0277 were compared accordingly (i.e. percentage of CS). Each data point represents the average of three independent biological replicates, and error bars denote the SD. (C) Carotenoids extracted (in methanol/chloroform, 1 : 1) from KD0277 and CS, grown at 40 or 120 mmol m -2 s -1 for 3 d, and resolved by TLC. The two orange-colored bands in the KD0277 extract were designated as band 1 (slightly pinkish) or band 2 (orange). The TLC experiment was repeated at least 10 times and the results were reproducible. Band 1 and band 2 were scraped off from TLC plate and dissolved in 100% methanol. absorption maxima of myxoxanthophyll and keto-myxoxanthophyll obtained from the methanolic extracts of different cyanobacterial strains (Takaichi et al. 2001 , Takaichi et al. 2006 . The methanolic extract that contained both B1 and B2 showed two major peaks when analyzed on HPLC (Fig. 3B) . The fractions corresponding to the two peaks were subjected to mass spectrometric (MS) analysis, and the two pigments were identified as keto-myxoxanthophyll (C 46 H 64 O 8, peak 1) and myxoxanthophyll (C 46 H 66 O 7 ; peak 2) (Fig. 3C ).
Expression analysis of the genes crtR, crtW and wcaG, known to be involved in the biosynthesis of carotenoids in Anabaena PCC 7120 ( Supplementary Fig. S2 ), was performed. However, no significant differences in the levels of these transcripts were observed between KD0277 and CS ( Supplementary Fig. S3 ).
KD0277 exhibits enhanced tolerance to high-intensity light but sensitivity to desiccation.
As myxoxanthophyll is known to be a strong photo-protecting carotenoid (Steiger et al. 1999) , the ability of KD0277 to withstand stress caused by high-intensity light was monitored. KD0277 and CS were grown under three different light intensities (standard, SL; moderately high, MHL; and high, HL, Fig. 4A ) and their growth was monitored. Although KD0277 and CS showed a similar growth profile at SL and MHL intensities, a marked difference was found between the two upon exposure to HL (Fig. 4A) . After 80 h of exposure, CS appeared to be severely bleached whereas KD0277 was protected from damage caused by HL. A 3-fold lower amount of Chl a was observed in CS than in KD0277, indicating higher tolerance of KD0277 to HL stress (Fig. 4B) .
As shown in Fig. 4C , the effect of HL on various photosynthetic parameters was assessed in CS and KD0277. In the HL condition, when compared with the SL-grown cells, CS showed a substantial reduction ($70%) in the quantum yield of PSII (in the dark-adapted state as well as in the presence of actinic light) and relative electron transfer rate (rETR). In contrast, KD0277exposed to HL showed only an approximately 20% decrease when compared with the same cells grown in the SL condition. At a photosynthetic photon flux density (PPFD) of 100 mmol photons m À2 s
À1
, the oxygen evolution rate (involving the entire photosynthetic electron transport chain with CO 2 as acceptor) was severely reduced in HL-exposed cells of CS, but not in KD0277. To investigate specifically the PSII activity alone in HL-exposed cultures of CS and KD0277, oxygen evolution was measured at saturating light (1,200 mmol photons m À2 s
) with an artificial electron acceptor system of 1 mM 2,5-dimethyl l,4-benzoquinone (DMBQ) and 1 mM potassium ferricyanide (PFC; i.e. the Hill reaction). The reduction in Fig. 3 Analysis of pigments extracted from TLC plates. (A) The absorption spectrum of band 1 showed a maximum at 475 nm with shoulders at 442 and 493 nm, and band 2 showed two peaks at 472 and 501 nm with a shoulder at 441 nm. (B) HPLC was performed using a Kromasil C18 100 (8 Â 250 mm) column eluted with methanol/water (9 : 1; v/v) for 25 min (C) Two major peaks obtained were subjected to MS analysis. oxygen evolution in CS was further exacerbated to approximately 95%, whereas only a minor reduction was observed in KD0277 under the same conditions (Fig. 4C) . Since overexpression of sigJ is known to increase desiccation tolerance in Anabaena PCC 7120, desiccation tolerance of KD0277 and CS was compared. Both strains were dried on a filter paper to a constant weight, resuspended in BG11 medium and the suspension was subsequently spotted on a BG11 agar plate. KD0277 did not grow on the plate, indicating its inability to recover from desiccation stress, whereas CS recovered fairly well (Fig. 4D) . These results indicate that KD0277 is sensitive to desiccation stress.
KD0277 is protected from photoinhibition mediated by ammonium chloride
Ammonia is known to trigger the photodamage of the PSII reaction center in the presence of light (Drath et al. 2008 ).
BG11 medium was supplemented with an increasing concentration of NH 4 Cl and the cells were incubated for 24 h under standard growth conditions. The presence of 5 mM NH 4 Cl was enough to bleach CS, whereas bleaching of KD0277 was observed only at 25 mM NH 4 Cl ( Supplementary Fig. S4 ).
After 5 h of incubation, 10 ml of the cell culture was taken from wells containing BG11 medium without NH 4 Cl (as a control) or with 35 mM NH 4 Cl, and spotted on BG11 agar plates. After 7 d, KD0277 treated with NH 4 Cl grew on plates but CS did not (Fig. 5A) . When a mid-exponential-grown culture was spotted on BG11 agar plates containig 5 mM NH 4 Cl, only KD0277 showed growth on plates while CS failed to do so (Fig. 5A ). In the presence of 5 mM NH 4 Cl, liquid cultures of CS appeared severely bleached, while KD0277 was considerably protected from such bleaching. CS culture showed a 5-fold decrease in the content of Chl a (over its corresponding untreated control cells), whereas KD0277 subjected to NH 4 Cl stress . The rETR, O 2 evolution and Hill reaction (in the presence of DMBQ) were estimated after 2 d of growth at a PPFD of 180 mmol m À2 s À1 . Each data point represents the average of three independent biological replicates, and the error bar denotes the SD. (D) Anabaena cells were harvested onto a filter paper and subjected to air drying. Cells retaining 100% (as control), 50% and 0% (completely dried) of wet weight were collected and the cell densities were adjusted (OD 730 nm = 0.1) using BG11 liquid medium. The cell suspension aliquots were spotted on BG11 agar plates and incubated for 7 d under standard growth conditions. showed a <2-fold decrease when compared with the untreated KD0277 cells (Fig. 5B) .
A considerable reduction ($80%) in the quantum yield of PSII (Y:II) and rETR was observed when CS was grown in the presence of standard light and NH 4 Cl, whereas, in contrast, the reduction in these parameters was only about 55% in KD0277 (Fig. 5C) . The oxygen evolution rate with (i) CO 2 as an electron acceptor and (ii) DMBQ as an electron acceptor was noticeably higher in KD0277 than in CS (Fig. 5C) . We also investigated if the photoprotection ability of KD0277 (on exposure to NH 4 Cl) was due to a more efficient repair caused by the de novo synthesis of proteins. If this were the case, then on addition of a protein synthesis inhibitor (chloramphenicol), PSII activity of both KD0277 and CS should reduce similarly. In the presence of chloramphenicol, the rate of loss of rETR was less in KD0277 than in CS (data not shown). This indicated that the ability of KD0277 to protect PSII from NH 4 Cl-mediated damage was an intrinsic property of the PSII reaction center, and not due to induction of an efficient repair system in KD0277.
Discussion
In our attempt to understand the role of sigJ in Anabaena PCC 7120, we found that the down-regulation of sigJ in Anabaena PCC 7120 did not affect its growth under normal conditions, indicating that SigJ was not essential for the normal growth of Anabaena PCC 7120. The knock-down of sigJ in Anabaena PCC 7120 (KD0277), however, resulted in an enhanced production of the photoprotective carotenoids, 'myxoxanthophyll' and its ketolated derivative 'keto-myxoxanthophyll'. KD0277 was also relatively resistant to photodamage caused by high-intensity light and ammonium chloride. Earlier, a Synechocystis PCC 6803 triple mutant lacking the Group 2 sigma factors SigC, SigD and SigE (i.e. ÁsigCDE) was shown to produce increased levels of carotenoids, zeaxanthin and myxoxanthophyll. Similar to the observation in the ÁsigCDE mutant of Synechocystis (Hakkila et al. 2013) , the PSII of KD0277 was also protected from the deleterious effects of high-intensity light. However, unlike KD0277, which grew better than the wild-type Anabaena under high-intensity light, the growth pattern of Synechocystis ÁsigCDE under high-intensity light was similar to that of the wild type (Hakkila et al. 2013 ). The Synechocystis ÁsigCDE mutant was shown to be compromised in its ability to cope with the reactive oxygen species (Hakkila et al. 2014 ). These results suggest that the different mechanisms essential for protection from photooxidative/oxidative stress are intact in KD0277.
The present study suggests a negative role for a Group 3 sigma factor in regulating the synthesis of carotenoids in cyanobacteria. Usually, sigma factors are required for the expression of their target genes. In this case, however, down-regulation of sigJ led to accumulation of myxoxanthophyll and tolerance to high-intensity light, indicating that SigJ, directly or indirectly, decreases accumulation of myxoxanthophyll. Ammonium is known to promote photoinhibition by photosensitizing the manganese cluster in the PSII oxygen-evolving complex as shown in the unicellular cyanobacterium Synechocystis PCC 6803 (Drath et al. 2008 , Dai et al. 2014 ). The increased ammonium resistance of the KD0277 strain of Anabaena sp. PCC 7120 correlates with the increased photoprotective phenotype, most probably caused by the overaccumulation of carotenoids. This strongly indicates that ammonium toxicity in Anabaena is also due to the photodamage of PSII.
Biosynthesis of myxoxanthophyll is a multistep process that involves several genes (Lagarde and Vermaas 1999 , Takaichi et al. 2001 , Mohamed and Vermaas 2006 , Graham and Bryant 2009 ). An examination of the genome sequence of Anabaena PCC 7120, however, did not reveal the complete set of genes that might be required for the biosynthesis of carotenoids, such as myxoxanthophyll or keto-myxoxanthophyll. Some studies on Anabaena PCC 7120 have suggested an involvement of crtR (alr4009), crtW (alr3189) and wcaG (all4826) genes in the biosynthesis of myxoxanthophylls , Makino et al. 2008 , Mochimaru et al. 2008 . Quantitative real-time PCR (qRT-PCR) analysis did show any significant difference in the levels of crtR/crtW/wcaG transcripts between KD0277 and CS. Earlier, the Synechocystis ÁsigCDE mutant that showed an increased carotenoid content also did not show any increase in the expression of the abovementioned carotenoid biosynthesis-related genes (Hakkila et al. 2013) . Both these studies suggest the possibility of a post-transcriptional regulation of carotenoids. However, further studies are required to elucidate all the genes and proteins involved in the pathway for the biosynthesis of myxoxanthophyll in Anabaena PCC 7120.
Desiccation stress is known to increase accumulation of xanthophylls in photosynthetic organisms (Kranner and Grill 1997) . For example, desiccation induces the accumulation of antheraxanthin and zeaxanthin in the green alga, Ulva pertusa (Xie et al. 2013) . Deletion of sigJ causes sensitivity to desiccation in Anabaena, indicating that SigJ plays a key role in overcoming desiccation stress in this cyanobacterium (Yoshimura et al. 2007 ). It may be hypothesized that the deficiency of SigJ in the D0277 strain might directly or indirectly trigger signals that eventually lead to accumulation of xanthophylls (even under normal growth conditions) to compensate for this sensitivity to desiccation. Probably, this incidental increase in the content of xanthophylls may be responsible for the photoprotective phenotype observed here. However, it should be noted that in spite of accumulation of these pigments, KD0277 remains sensitive to desiccation, indicating that factors other than accumulation of xanthophylls are involved in overcoming desiccation stress in Anabaena.
Carotenoids are accessory pigments that play a major role in activities such as light harvesting (Stamatakis et al. 2014) ; photoprotection (Schafer et al. 2005 , Sozer et al. 2010 ; protection against oxidative stresses; normal cell wall structure; and thylakoid organization in cyanobacteria (Mohamed et al. 2005) . The carotenoid myxoxanthophyll, however, is exclusively found in cyanobacteria. A variety of myxoxanthophyll-related compounds are also found in cyanobacteria due to the variation in the myxoxanthophyll pathway (Takaichi et al. 2001 , Takaichi et al. 2006 , Graham and Bryant 2009 . Interestingly, myxoxanthophylls are up-regulated when cells are grown in high-intensity light (Millie et al. 1990 , Nonnengiesser et al. 1996 , Bilger et al. 1997 , Steiger et al. 1999 , Maeda et al. 2005 , indicating their role in adaptation to this stress. Among all the carotenoids up-regulated on exposure to high-intensity light in Synechocystis, myxoxanthophyll exhibited the strongest protection against photooxidation and radical oxidation in vitro (Steiger et al. 1999) . Both KD0277 and the Synechocystis ÁsigCDE mutant (Hakkila et al. 2013) showed a growth profile similar to their respective CS/wild type when grown under lowintensity light. Apparently, excess carotenoids does not affect the growth of cells under normal light, but their presence provides a distinct advantage when the organisms are exposed to high-intensity light. Moreover, due to its ability to overproduce carotenoids, KD0277 may serve as a potential source for the biotechnological production of myxoxanthophyll and ketomyxoxanthophyll.
Materials and Methods
Growth conditions and strains
Strain Anabaena sp. PCC 7120 was grown photoautotrophically at 30 ± ?1 C in liquid BG11 medium with 17.6 mM NaNO 3 as nitrogen source, pH 7.5 (Rippka et al. 1979 ) under constant illumination of 40 mmol photons m -2 s -1 light intensity with shaking at 150 r.p.m. Growth of the cultures was monitored by measuring the optical density at 730 nm periodically. Before measuring the optical density, all filaments and clumps were thorougly homogenized and resuspeded by repeated pipetting. The KD0277 strain was grown and maintained in liquid BG11 medium or on BG11 agar plates supplemented with 12.5 and 25 mg ml -1 neomycin, respectively. Stress analysis experiments were performed in BG11 medium (free from antibiotics). Cultures were grown for 3-4 d until they reached mid-log phase (OD 730nm = 0.4-0.6) and subsequently used for analysis. Escherichia coli DH5a was grown in Luria-Bertani (LB) medium at 37 C with shaking at 150 r.p.m. Ampicillin at 100 mg ml -1 or kanamycin at 50 mg ml -1 was used for plasmid-carrying Escherichia coli strains. Plasmids and bacterial strains used in this study are indicated in Supplementary Tables S1 and S2, respectively.
Bioinformatic analysis
All the DNA sequences used in this study were retrieved from the CyanoBase database (http://www.kazusa.or.jp/cyanobase/). Nucleotide and amino acid sequence alignment were carried out using BLASTX and BLASTP 2.2.3/2.2.5 (http:// blast.ncbi.nlm.nih.gov/Blast.cgi) at the NCBI database (http://www.ncbi.nlm.nih. gov/) website. The KEGG database (http://www.genome.jp/kegg/kegg1.html) and LipidBank (http://lipidbank.jp/) were used for genomic, chemical and systemic functional information of carotenoids. MetFrag software (http//msbi.ipb-halle.de/ MetFrag/) was used for in silico annotation of tandem mass spectra of carotenoids by matching the fragmentation pattern against mass to charge value (data obtained from LC/MS). A phylogenetic analysis of the deduced amino acid sequences of all the annotated sigma factor genes of cyanobacterial species such as Anabaena sp. PCC 7120, Anabaena variabilis ATCC 29413, Synechococcus sp. PCC 7002, Synechococcus elongatus PCC 7942, Synechocystis PCC 6803, Microcystis aeruginosa NIES-843 and Thermosynechococcus elongates BP-1 was carried out to construct a Neighbor-Joining (NJ) tree by setting the value of 1,000 bootstrap, and a Poisson model-based method in the MEGA 6 program using the amino acid alignment file from EBI server.
Generation of KD0277
The whole DNA sequence of sigJ (alr0277) was amplified by PCR using antisense primers (Sigma-Aldrich GmbH) SigJAS-1 and SigJAS-2 as indicated in Supplementary Table S3 . The 786 bp long sigJ PCR amplicon thus obtained was cloned downstream of a strong light-inducible promoter psbA1 (obtained from Anabaena PCC 7120) in a reverse-complement orientation of NdeIBamHI-digested pFPN vector (Chaurasia et al. 2008) , and the recombinant plasmid was named pFPNSigJAS. The fragment containing the psbA1 promoter and the reverse complement copy of sigJ was then excised from pFPNSigJAS using XmaI and SalI enzymes, and cloned upstream of the gfpmut2 gene into the E. coli-Anabaena shuttle vector pAM1956 (Yoon and Golden 1998) to generate pAMSigJAS. The sequences and orientation of the cloned DNA in recombinant plasmids used in this study were confirmed by DNA sequencing (GATC biotech AG). Plasmid pAMSigJAS was transformed into Anabaena using a conjugal E. coli donor strain [HB101 (pRL623 + pRL443)] Wolk 1988, Elhai et al. 1997 ). Exconjugants were selected on BG11 agar plates containing neomycin (12.5 mg ml -1 ), repeatedly subcultured and maintained in liquid BG11 medium (25 mg ml -1 ), and the transformed Anabaena strain was designated KD0277 (Knock-down of alr0277 gene). A control plasmid, obtained by transferring the psbA1 promoter to pAM1956 (using a Gibson Assembly Õ Cloning Kit, NEB), was constructed and conjugatively transferred to Anabaena PCC 7120 to obtain the Anabaena CS (data not shown).
Confirmation of antisense RNA expression and down-regulation of sigJ
Recombinant colonies of Anabaena (KD0277) emitting GFP fluorescence were visualized through a fluorescence microscope (Leica DM5500B, Leica microsystems) using the Â 100/1.3 oil objective lens, an excitation filter BP470/40 nm and emission filter BP 525/50 nm. The colonies that appeared green, indicating expression of GFP, were selected for further experiments. The presence of pAMSigJAS in E. coli or Anabaena strains was confirmed by PCR.
A semi-quantitative PCR approach was used to confirm co-transcription of antisense RNA and gfpmut2 mRNA, and the subsequent down-regulation of the sigJ gene in KD0277 cells. RNA extraction was performed (as described by Hein et al. 2013 ) using a modified PGTX solution (Pinto et al. 2009) , and the extracted RNA was treated with DNA-free TM DNase (Ambion, Inc.). Complete removal of DNA was confirmed by PCR using the primers RTSigJ-1 and RTSigJ-2 (Supplementary Table S3 ). cDNA was prepared using reverse transcriptase with 1 mg of total RNA as template and 0.5 mg of random primers. PCR was carried out to amplify regions of the housekeeping gene rnpB (28 cycles) as a control and the sigJ gene (26 cycles). The forward primer was designed from the sequence present upstream of the sigJ gene, which is present in the Anabaena genome but absent in the antisense construct. Thus cDNA derived only from the sigJ mRNA (and not from sigJ asRNA) was selectively amplified. The PCR products were resolved on agarose gels and quantified with the ImageJ software.
Total pigment analysis
The Chl a concentration was measured by resuspending the pellet obtained from 1 ml of culture in 1 ml of 90% methanol (MacKinney 1941) followed by spectrophotometric measurement at a wavelength of 665 nm. Chl a concentration was calculated using the formula: mg Chl a ml -1 = 13.43 Â OD 665nm Â dilution factor. Total carotenoid was estimated by the method described by Jensen (1978) with minor modifications. The pellet obtained from 1 ml of culture was resuspended in 1 ml of 85% acetone, and absorbance of the acetone extract was measured at 450 nm. Total carotenoid content was determined using the formula: Carotenoids (mg ml -1 ) = D Â V Â f Â 10/2,500 (where 'D' is absorbance at 450 nm, 'V' is the volume of the extract and 'f' is the ilution factor, and the average extinction coefficient is 2,500). For extracting phycobiliproteins, the cell pellet was resuspended in an equal volume of 0.05 M phosphate buffer, pH 6.8, and cells were subsequently lysed by repeated freeze-thaw cycles. The absorbance was measured at 562, 615 and 652 nm, and the amount of PC, PE and APC was calculated as described previously (Bennett and Bogorad 1973) .
Thin-layer chromatography of polar pigments TLC analysis of polar carotenoids was done following the lipid analysis method (Fiedler et al. 1998) . Carotenoids were extracted from KD0277 or the CS filaments grown for 3 d at 40 and 120 mmol m -2 s -1 , by addition of methanol/chloroform (1 : 1). A light intensity of 120 mmol m -2 s -1 was chosen to allow accumulation of myxoxanthophyll without severely affecting the growth of strains. Organic solvent was evaporated in a stream of nitrogen and dried pigments were dissolved in chloroform (200 ml total volume) and spotted on a thin-layer aluminum sheet covered with a silica gel layer (Silica gel 60 F254, Merck). The sheet was developed in a glass chamber with a running phase comprising 170 ml of chloroform, 30 ml of methanol, 20 ml of acetic acid and 7.4 ml of distilled water. The carotenoid bands were documented with the HP Scanjet G4050 Photo Scanner software.
Spectral analysis of pigments
The pigment bands were extracted from the TLC plate, dissolved in 100% methanol, centrifuged to remove silica gel and subsequently the supernatant was collected in fresh tubes. This procedure was repeated till the silica gel pellet became colorless. The pigments were analyzed at room temperature using a UV/Vis Spectrophotometer SPECORD Õ 205 (Analytik Jena AG) between a range of 380 and 600 nm.
HPLC and liquid chromatography/mass spectrometry (LC/MS) analysis
To obtain high resolution mass data, samples were applied to a Dionex Ultimate 3000 HPLC system (Thermo Fisher Scientific) coupled to maXis 4G ESI QTOF mass spectrometer from Bruker Daltonics. HPLC was performed using a Kromasil C18 100 (8 Â 250 mm) column eluted with methanol/water (9 : 1; v/v) for 25 min.
Measurement of photoinhibition
Light-induced reduction in the photosynthetic activity of Anabaena strains was monitored in terms of decrease in growth rate (measured by Chl a ml -1 of culture) and reduction in PSII activity (measured by Chl fluorescence and rate of oxygen evolution). Cultures were grown at three different light conditions, 40 (standard light; SL), 80 (medium high light; MHL) and 180 (high light; HL) mmol m À2 s À1 for 3 d and photographed. Growth at SL, MHL and HL was determined by measuring OD 730 nm every 12 h for 3 d. Chl a (ml -1 culture) content of the strains was measured spectrophotometrically after 3 d of exposure to the differential light conditions. Photosynthetic activity was measured after 2 d of growth at a PPFD of 180 mmol m À2 s À1 in terms of (i) Y:II in dark-adapted cells and quantum yield in the presence of actinic light (38 mmol m À2 s À1 ) to determine the rETR; and (ii) oxygen evolution with CO 2 as electron acceptor and oxygen evolution from PSII using the Hill reaction (in the presence of DMBQ).
Effect of ammonia toxicity on Anabaena strains
Cyanobacterial cultures were inoculated in nitrate-supplemented BG11 medium (OD 730 nm adjusted to 0.3) in a microtiter plate. The medium was supplemented with an increasing concentration of NH 4 Cl (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 and 55 mM) and incubation was continued for 24 h under standard growth conditions (under 30 mmol m À2 s À1 light intensity). After 5 h of incubation, 10 ml cultures were taken from wells containing BG11 medium supplemented with 35 mM or without (control) NH 4 Cl on BG11 agar plates. The plates were incubated under standard growth conditions for 7 d and photographed. To assay the ability of CS and the KD0277 strain to grow in the presence of ammonia, 10 ml of the cell cultures were spotted on BG11 agar plates supplemented with 5 mM NH 4 Cl, and incubated under standard growth conditions for 1 week. The ammonium toxicity experiment was further performed in flasks containing BG11 medium supplemented with 5 mM NH 4 Cl. The cells were inoculated at an initial OD of 0.5 (at 730 nm) and incubated with shaking at 150 r.p.m. under a PPFD of 30 mmol m À2 s
À1
at 30 C for 3 d. A 1 ml aliquot of culture was used for estimation of Chl a. From the same culture, the percentage of photosynthetic activity was measured in terms of Y:II in dark-adapted cells and in the presence of actinic light (38 mmol m À2 s
) to determine the rETR, O 2 evolution with CO 2 as an electron acceptor and the Hill reaction (in presence of DMBQ) after 2 d of growth.
Pulse amplitude modulation (PAM) fluorescence measurement PAM fluorometry was used to assess the overall photosynthetic state based on Chl a fluorescence in terms of maximal Y:II and rETR using a WATER-PAM Chl fluorometer (Walz GmbH). All samples were kept in the dark for 5 min prior to measurement. PSII quantum yield was determined with the saturation pulse method, applied with a light intensity of 1,337 mmol m À2 s À1 (Genty et al. 1989 , Hormann et al. 1994 in the absence (dark adapted) and presence of actinic light of 38 mmol m À2 s
. Cultures were diluted 1 : 20 in BG11 medium before the measurements in a final volume of 2 ml.
Photosynthetic oxygen evolution measurement
Oxygen evolution was determined with an oxygraph (Hansatech instruments RS232). A 2 ml aliquot of exponentially grown cultures normalized at an OD 730 nm of 0.5 were measured in the absence and presence of an artificial electron acceptor (Hill reaction) system of 1 mM DMBQ and 1 mM PFC. Oxygen formation in light (100 mmol photons m À2 s À1 ) was measured. Highintensity light of 1,200 mmol photons m À2 s À1 was used when required.
Quantitative real-time PCR
Mid-exponential phase cultures of KD0277 or CS cultures were harvested, and total RNA was isolated and treated with DNase I. The integrity of RNA was ascertained by resolving the samples on denaturing formaldehyde agarose gel electrophoresis. DNA-free RNA was quantified (Nanodrop ND-1000, Thermo) and 2 mg of RNA was used to synthesize cDNA (cDNA synthesis kit, Fermentas). Real-time PCR was performed using SYBR Green I (Roche) in a Light Cycler 480 II (Roche) according to the manufacturer's instruction. The rnpB gene was used as an endogenous control. Primers used for qRT-PCR are listed in Supplementary Table S3 .
Comparison of desiccation stress tolerance
The CS or KD0277 cultures were grown until the mid-exponential phase of growth in BG11 liquid medium, and 10 ml of cells (Chl a density = 15 mg ml -1 ) were harvested by filtration on a filter paper (Pall Supor 800 Filter, 0.8 mm). After filtration, cells were desiccated by drying the filters on a plastic dish (sterile condition) under ambient conditions until a constant weight was reached. The desiccated cells were resuspended in BG11 medium, and allowed to grow on a BG11 agar plate for a week.
Supplementary data
Supplementary data are available at PCP online. 
